1] Magma production at mid-ocean ridges is driven by seafloor spreading and decompression melting of the upper mantle. In the special case of Iceland, mantle melting may have been amplified by ice sheet retreat during the last deglaciation, yielding anomalously high rates of subaerial volcanism. For the remainder of the global mid-ocean ridge system, the ocean may play an analogous role, with lowering of sea level during glacial maxima producing greater magma flux to ridge crests. Here we show that the mantle decompression rate associated with changes in sea level is a substantial fraction of that from plate spreading. Modeled peaks in magma flux occur after sea level drops rapidly, including the Marine Isotope Stage (MIS) 5/4 and 3/2 transitions. The minimum in simulated flux occurs during the mid-Holocene, due to the rapid sea level rise at the MIS 2/1 boundary. The model results are highly sensitive to melt migration rate; rates of ∼1 m/yr produce small signals, while those >5 m/yr yield substantial anomalies. In the latter case, sea level-driven magma flux varies by 15-100% relative to the long-term average, with the largest effect occurring at slow-spreading ridges. We suggest that sedimentary time series of hydrothermal particle flux, oceanic Os isotopic ratio, and oceanic radiocarbon may serve as proxies for magma-flux variations at midocean ridges. Although well-dated records are rare, preliminary data from the Pacific and Atlantic suggest hydrothermal metal flux was elevated during MIS 2 and 4, broadly consistent with our modeling results.
Introduction and Background
It is well documented that Iceland experienced a pulse of elevated volcanism immediately following the last deglaciation [Maclennan et al., 2002] . Sub-aerial volcanism apparently increased at other highlatitude locations as well [Huybers and Langmuir, 2009] . In the Iceland case, decreasing overburden load from ice sheet retreat reduced pressure in the underlying mantle, enhancing melt production and magma supply to the surface [Jull and McKenzie, 1996 ]. Here we focus on the effect of sea level on mantle melting at mid-ocean ridges. Changes in load due to variable glacioeustatic sea level are smaller in amplitude than the local impact of deglaciation in Iceland, but they simultaneously affect all the world's mid-ocean ridges and so may have significant global impacts. We model the effect of sea level on melting at mid-ocean ridges and find that glacial-interglacial sea level forcing may alter magma delivery to ridges by ≥30%.
[3] As a means to evaluate our hypothesis, we discuss proxies of hydrothermal activity, including concentrations of metals in hydrothermal sediments, the oceanic Os isotopic ratio, and the radiocarbon content of seawater. The existing data are inconclusive, though isolated records from the Atlantic and Pacific suggest that hydrothermal activity during the last glacial cycle may have varied in phase with the predictions of our melting model. The aim of this paper is not to conclusively show that sea level forces mid-ocean ridge magmatism on Milankovitch timescales, but instead to raise the possibility. Indeed, such an unusual hypothesis will require an unusual amount of supporting data. As we discuss below, these data do not yet exist, but there are some promising leads. [4] To determine the influence of sea level on mantle melting, we first evaluate the rates of pressure change that sea level and plate spreading impose on material points in a melting regime. In a constantviscosity analytical corner flow solution for passive, plate-driven flow [Batchelor, 1967] , the change in pressure per time (dP/dt) directly beneath the axis of a mid-ocean ridge is given by
Sea Level Driven Decompression Melting
where g is the acceleration due to gravity. The first term, representing lithostatic unloading due to plate spreading, depends on mantle density (r lith ; 3300 kg/m 3 ), halfspreading rate (v lith ; in m/yr), and a geometric factor k, which modifies the linear scaling between upwelling rate and half spreading rate and approximates the effect of a thickening lithosphere with distance from the ridge [Spiegelman and McKenzie, 1987] :
where a is the angle measured downward from the seafloor of the line along which strictly horizontal flow is imposed. Most studies since Spiegelman and McKenzie [1987] have neglected this lithospheric wedge, but it affects our results so despite the added complexity we examined the sensitivity of our results to this parameter. [5] The sea level term depends on seawater density (r water ; 1030 kg/m 3 ) and the rate of sea level change (v water ; in m/yr). For a rate of sea level change of ±10 mm/yr, (dP/dt) water ∼±100 Pa/yr. By comparison, rates of mantle unloading yield (dP/dt) lith values of −200 to −1550 Pa/yr when the effect of lithospheric thickening is ignored (a = 0), or −510 to 2050 Pa/yr using the wedge angle formalism of Spiegelman and McKenzie [1987] to approximate lithospheric thickening (a ≠ 0) ( Table 1 ). [6] The effect of sea level on decompression melting should be largest at slow spreading ridges like the Mid-Atlantic Ridge (MAR), where it is up to 50% of mantle unloading term (Table 1) . The effect is smallest at fast ridges like the East Pacific Rise (EPR), where it is approximately 5% of the mantle unloading term. The effect of the lithosphere on concentrating the upwelling flow into a narrower, faster channel is significant, especially at slow spreading rate (Table 1) , but even so this conservative estimate indicates that sea level variations may create a substantial perturbation to the unloading rates experienced by upwelling mantle. Off-axis points in the melting regime experience lower vertical velocities, so calculations based on the vertical velocity directly below the axis in Table  1 yield a minimum estimate of the relative significance of the sea level term. [7] We note that a large component of active, buoyancy-driven flow can concentrate upwelling in to an even faster, narrower zone with larger decompression rates and correspondingly smaller sea level effects. However, this type of flow, considered in a number of early papers [Scott and Stevenson, 1989; Turcotte and Morgan, 1992; Forsyth, 1992] , has fallen out of favor in recent decades due to seismic, geochemical, and rheological arguments for dominantly passive, plate-driven flow [Forsyth et al., 1998; Hung et al., 2000; Spiegelman, 1996; Braun et al., 2000] . Hence in this paper we model only strictly passive plate-driven mantle flow fields.
with known uplift rates can be used to estimate sea level in the geologic past. For more than 20 years, it has been known that sea level rose by ∼120 m from the Last Glacial Maximum (LGM) to the early Holocene [Bard et al., 1990a; Fairbanks et al., 2005] . Recent compilations of U-series dated corals by Cutler et al. [2003] (hereafter C03) and Thompson and Goldstein [2006] (hereafter TG06) provide a more complete picture of sea level prior to the LGM (Figure 1 ). C03 relied primarily on coral samples [2003] (triangles), Bard et al. [1990b] (squares) and Edwards et al. [1993] that met two strict criteria: 1) an initial d 234 U similar to the modern ocean, and 2) concordant ages between the 238 U- 230 Th and 235 U-231 Pa dating techniques. These filters excluded most of the available published data but nonetheless a surprising picture emerged (Figure 1, top) . The lowering of sea level between Marine Isotope Stages (MIS) 5 and 2 was not a slow, monotonic process, but rather it occurred in two key steps, first at the MIS 5/4 boundary and then at the MIS 3/2 boundary. In each case, sea level fell quickly, at a rate of 5-10 m/kyr. Sea level unloading during ice sheet growth can apparently be comparable in magnitude to sea level loading during deglaciation.
[9] The results of C03 are supported by the more recent compilation of TG06 (Figure 1 , bottom). In TG06, coral U/Th data from the literature were corrected assuming that initial d 234 U values were similar to d 234 U in the modern ocean and that corals from the same terrace could be used to correct for open system behavior. The amplitude and rate of sea level increase during the last deglaciation in C03 and TG06 are similar. However, TG06 estimate a 40-60 m decrease in sea level at the MIS 5c/5b, MIS 5/4, and MIS 3/2 boundaries. Here again the rates of sea level drop are rapid, ranging from 5 to 8 m/kyr. The rate during the MIS 5/4 transition is slower than in C03, while the rate at the MIS 3/2 boundary is faster. A more recent compilation suggests the rate of sea level change at the MIS 3/2 transition was 7 m/kyr [Clark et al., 2009] . Despite the differences between the sea level reconstructions, the overall pattern of change during the last 120 kyr is similar, with comparable rates of sea level rise and fall.
Methods

Model Description
[10] Our model of melt production uses the average upper mantle source composition of Workman and Hart [2005] with 150 ppm H 2 O, the pHMELTS melting model [Asimow et al., 2004; Ghiorso et al., 2002] and analytical corner flow velocities. We adopt the corner-flow solution from Spiegelman and McKenzie [1987] that allows the wedge-angle parameter a to account for possible effects of lithospheric thickening, although most authors over the last 20 years have ignored this effect. Our twodimensional model domain spans 125 km on either side of the ridge axis and is 125 km deep ( Figure 2 ). [11] We used pHMELTS calculations of nearfractional decompression melting (residual porosity 0.01%) to generate a look-up table of melt productivity (mass of melt per unit pressure decrease and per unit original source mass) versus potential temperature [Asimow et al., 2004; McKenzie and Bickle, 1988] and pressure. This function accounts for depletion of the source by prior melting along a streamline from solidus to pressure of interest. Melt productivity predicted by pHMELTS features very low productivity initial volatile-driven melting, acceleration near the dry solidus, further acceleration to a sharp maximum just before clinopyroxene exhaustion at ∼20% melting, and low (but nonzero) productivity of harzburgite [Asimow et al., 1997 [Asimow et al., , 2001 [Asimow et al., , 2004 . Here, for the cases with wedge angle a = 0, we use a potential temperature of 1344°C, which (for the selected source composition) gives a damp solidus intersection depth of 2.8 GPa (85 km), onset of major silicate melting at 1.5 GPa (49 km), and steady state crustal thickness of 6.3 km. In cases with nonzero a, we lower the potential temperature (by up to 24°C) in order to keep the steady state crustal thickness the same for all cases.
[12] Constant viscosity analytical corner flow [Batchelor, 1967; Spiegelman and McKenzie, 1987] and the half-spreading rate provide a vertical component of velocity at each point in a passive, plate-driven mantle flow, converted to tectonic decompression rate using constant mantle density (3300 kg/m 3 ). To this steady decompression rate, we add a time-dependent sea level-driven term obtained from the density of water multiplied by the derivative of the sea level history of either C03 or TG06. We assume that the pressure signal from seawater loading is felt instantaneously and without attenuation throughout the melting regime. This is probably a reasonable assumption. The driving force is uniformly distributed horizontally over the entire ocean, a much larger scale than the melting regime (except for ridges close to land, e.g., Iceland or the Gulf of California), which greatly simplifies this calculation compared to the axisymmetric solution for a finite scale ice-load used by Jull and McKenzie [1996] . The load propagates as a compressional wave with characteristics that depend on the rheology of the crust and mantle. The wavelength is long enough that flexural support by the lithosphere can be neglected. The dominant elastic component moves down at elastic velocities of several km/s, or effectively instantaneously in a model with 1000 year time steps. There may also be a viscous component, since pressure changes causing melting or freezing are accommodated by bulk deformation (compaction/decompaction) of partially molten mantle, but this signal propagates as porosity waves, at several times the melt migration velocity [Spiegelman, 1993a [Spiegelman, , 1993b . Any delay in the driving force due to viscous resistance is therefore negligible compared to damping of the time-dependence of magma flux by melt migration itself.
[13] The mass of melt produced per unit time at each point is the product of the decompression rate and the melt productivity function for the pressure at that point (and the adopted potential temperature). The steady state melt production field ( Figure 2 ) is distributed over a large melting regime (extending to 85 km depth and 120 km horizontally off-axis), but the steady state high melt-production core is compact, centered around 15-30 km depth and within 20 km of the axis horizontally. On the other hand, the sea level-driven decompression The steady state melt production field (that is, no sea level change) is contoured in shades of red. For a half-spreading rate of 3 cm/yr, the maximum value on this color scale is 2.25 × 10 −7 (kg melt)/(kg mantle)/yr. The panel at right shows the melt fraction F as a function of depth. Melt migration rate is constant and isotropic throughout the domain, such that melts generated at the same distance from the axis will arrive at the axis at the same time (green contours; e.g., for a melt migration rate of 10 m/yr, each successive contour plotted represents points of origin of melts that will arrive at the axis 3000 yrs later during periods of sea level fall is felt uniformly across the horizontal direction and generates significant off-axis melt, especially where lherzolite residues are present. When a nonzero wedge angle a is adopted, corresponding to the formation of a mechanical boundary layer that changes the platedriven vertical velocity to zero within the wedge, we need to make a choice about how this affects the melt production. We consider both the case where lithosphere formation is treated as purely a mechanical boundary layer with no effect on sea level-driven melt production and the case where lithosphere formation also involves a thermal boundary layer that brings mantle residue below its local solidus and excludes the possibility of melt generation in this region. All of these cases are illustrated in Figure 2 .
Melt Migration Rate
[14] Magma must migrate from its distributed source locations to the ridge axis before aggregation, fractionation, and eruption. Our model of the melt migration process connects time-dependent driving of melt production to time-dependent delivery of melt to the ridge axis. For simplicity we assume that melts migrate radially (i.e., in three dimensions, along the −r axis of a cylindrical coordinate system) inward toward the ridge axis at a constant rate, v m ; contours of equal origin time for melts arriving at the axis at any given moment are therefore semi-circles (in three dimensions, semicylinders) about the axis with linearly increasing radius. This is at best an approximation to the geometry and rates of melt migration, so we consider a wide range of melt migration rate values to assess model sensitivity to this formulation. [15] We consider melt migration rates between 2 and 50 m/yr. At the slow end, melt migration is constrained by 230 Th/ 238 U disequilibrium in zero age mid-ocean ridge basalts (MORB), whose ( 230 Th)/ ( 238 U) ratios >1 deviate from secular equilibrium [Richardson and McKenzie, 1994] . Assuming that the initial partitioning between U and Th happens only in the garnet stability zone (>75 km depth [Kelemen et al., 1997] ), melt must migrate to the surface in less than the half-life of 230 Th (∼75 kyr), giving a minimum melt migration rate of 1 m/yr. Maintenance of 230 Th/ 238 U disequilibrium through the melting regime by porous flow implies residual melt porosities f < 0.005 and a melt migration rate faster than the solid upwelling rate by a factor ∼(F/f), where F is extent of melting [Spiegelman and Elliott, 1993] . For typical F ∼0.1 and upwelling rates of 5 cm/yr, this again gives melt velocity of >1 m/yr. On the fast end of the spectrum, the lag between deglaciation and volcanism in Iceland together with the average depth of the melt source implies extraction velocities ≥50 m/yr [Maclennan et al., 2002] . The 210 Pb-226 Ra disequilibrium observed by Rubin et al. [2005] implies that some melts travel even faster, escaping the melting region in decades, but it is unclear whether such rates (∼10 km/yr) can be applied uniformly throughout the melting regime. In any case, 50 m/yr melt migration rates are sufficient to demonstrate the fast-migration limit of our model, with prompt and large-amplitude response of magmatic output to millennial-scale sea level variations.
[16] We neglect crustal magmatic or hydrothermal processes that might damp or delay the surface expression of variations in melt delivery to the crust. This is potentially a complicated problem and crustal filtering may well be capable of eliminating any observable expression of such variations on the timescales considered. However, we will examine below a number of data sources that are potentially sensitive to variations in melt flux or heat delivery to the crust on short timescales.
Model Output
[17] The model is implemented in Mathematica™ (notebook file is available from the authors) as a function that outputs crustal thickness versus time t by integrating melt production (sum of steady state and time-dependent pressure change times productivity) in polar coordinates over the angle from vertical below the ridge to horizontal across-axis and radial distance r from the ridge axis. The melt production term in this integrand is a function of the time-shifted coordinate (t + r/v m ), such that all melts arriving at the axis at t are added together, even though they were produced at increasingly earlier times with increasing r. This formulation limits the length of output crustal thickness time histories to (t max + (125 km)/v m ) ≤ 140 kyr, since well-constrained sea level histories are available to only 140 kyr before present. Finally, crustal thickness is estimated from mass of melt per unit time per unit ridge length by dividing by crustal density (assumed constant at 2620 kg/m 3 [Langmuir et al., 1992] ) and full-spreading rate. Expressing results this way enables comparison between slow and fast ridges.
Model Results and Discussion
[18] We ran a series of sensitivity tests to evaluate (1) the sea level forcing functions from C03 and TG06, (2) melt migration rates from 2 m/yr to 50 m/yr; (3) spreading rates from slow (e.g., the northern MAR) to very fast (e.g., the southern EPR); (4) modified corner-flow field accounting for mechanical boundary layer formation using the spreading-rate dependent wedge-angle formulation;
(5) modified melt production accounting for thermal boundary layer formation in the wedge-angle lithosphere; and (6) the pHMELTS variable melt productivity function versus constant productivity. Overall, we find that modest changes in hydrostatic pressure driven by ice sheet growth and decay yield substantial alterations in simulated magma flux at mid-ocean ridges relative to steady state conditions. A combination of unfavorable parameters (e.g., very fast spreading, very slow melt migration, and strong damping of off-axis melting by the lithospheric wedge) is necessary to make the sea level effect negligible.
Reference Case
[19] For the reference case we use the C03 sea level curve, the pHMELTS productivity function, a constant melt migration rate of 10 m/yr, and a halfspreading rate of 30 mm/yr. This is faster than the majority of ridge crests [Cande et al., 1995; Carbotte and Macdonald, 1990; Cogne and Humler, 2006; Lonsdale, 1994] and therefore represents a conservative estimate of the global average response. The reference case has a wedge angle a = 0, reflecting the common practice in mid-ocean ridge studies of neglecting lithosphere formation near the axis.
[20] The reference case yields substantial crustal thickness variations over the last glacial cycle ( Figure 3 ). The largest crustal thickness decrease occurs during the last deglaciation, from a maximum (>8 km) just after the LGM to a minimum during the mid-Holocene (<4 km), a peak-to-peak range of 80% of the steady state crustal thickness of 6.3 km. The largest increases occur during MIS 4 and MIS 2, with maxima lagging rapid drops in sea level by about 5000 years due to the 10 m/yr melt migration rate and 50 km average migration distance. As shown below, slower melt migration rates increase the lag between changes in sea level and crustal thickness.
Test A: Sea Level Forcing Function
[21] Holding melt migration and spreading rate constant, we drove the model using the sea level curve from TG06. In general, the crustal thickness results are very similar to the reference case ( Figure 3 ). As before, the largest anomalies are associated with the deglaciation (a ∼50% decrease in thickness) and MIS 4 and 2 (∼30% increases in thickness [23] A 50 m/yr melt migration rate yields large and nearly instantaneous crustal thickness response to variations in sea level. The sharp decrease in sea level at the MIS 5/4 boundary creates a peak in magma flux that lags the forcing by <1000 years. The amplitude is large, from a background value of 6 km to a maximum of ∼16 km. The magnitude of this anomaly is so large that it seems likely to be readily observable. The scarcity of observations of magma flux variations that we outline in this paper (see below) then suggests that the 50 m/yr migration rate, while perhaps appropriate for Iceland, may not be appropriate for most mid-ocean ridge settings. Also, the 10 m/kyr sea level decrease at the MIS 5/4 boundary may be an overestimate. Only two data points constrain this time interval in C03. The TG06 reconstruction suggests that sea level dropped more slowly, at about 5 m/kyr ( Figure 1 ). More modest rates of sea level decrease yield much smaller crustal thickness anomalies even with rapid melt migration (e.g., MIS 3/2 in Figure 4 ).
[24] Given melt migration rates between 2 and 50 m/yr, the peak in magmatic activity following the MIS 3/2 transition could occur anywhere between 25 and 10 kyr BP. Positive melt anomalies associated with the LGM could therefore occur during the deglaciation, as sea level was rising. Likewise, the minimum flux to the ridge crest occurred at ∼5 kyr BP for our reference case, well after the rapid sea level rise from ∼20 to 10 kyr BP ( Figure 3 ). Once melt is generated, segregated and migrating toward the ridge, it is likely to be moving in relatively un-reactive dunite channels [Kelemen et al., 1997] , where small increases in pressure will not trigger refreezing. This asymmetry is built into our model: melt only becomes solid at the ridge crest. Hence rising sea levels can reduce the melting rate in parts of the melting regime to zero, but the melting rate is never negative; however, there is no upper limit to the increased melting rate due to falling sea level.
Test C: Spreading Rate
[25] For this sensitivity test, we hold melt migration rate constant at 10 m/yr and use the C03 sea level curve to simulate melt anomalies for half-spreading rates of 75, 30, and 10 mm/yr. At the MIS 5/4 transition, modeled crustal thickness increases by 1 km for the fast case, 3 km for the intermediate case, and 8 km for the slow case ( Figure 5 ). Similarly, the decrease in crustal thickness associated with the last deglaciation is substantial for all cases, at least a 30% decrease from LGM to mid-Holocene. Our basic scaling exercise indicated that crustal thickness anomalies should be sensitive to spreading rate (Table 1) . Here, the acrossaxis variation in tectonic unloading is depicted more realistically. As a result, sea level loading (or unloading) actually plays a more important role than our scaling estimates predict.
Test D: Modified Corner Flow With Lithospheric Wedge
[26] Spiegelman and McKenzie [1987] , in order to use an analytical formulation while including a thickening lithosphere, adopted a linear increase in mechanical boundary layer thickness with distance off-axis as an approximation to the square-root of time curve expected from half-space or (at young age) plate models. They offer a formalism for assigning the wedge angle as a function of spreading rate that best approximates half-space cooling models. Table 1 shows the resulting wedge angles for mantle viscosity of 10 21 Pa s, solid-melt density difference of 500 kg m −3 , and thermal diffusivity 10 −6 m 2 s −1 . We repeated the calculations from test C at three spreading rates with the flow field modified to account for the corresponding wedge angles. In the wedge region the vertical velocity and hence the plate-spreading associated rate of pressure change is held to zero, but sea level-driven pressure changes are still felt and can cause melting.
[27] The effect of more concentrated flow field due to a lithospheric wedge reduces the amplitude of predicted melt flux variations somewhat, but the shape of the predicted response and the timing of peaks and troughs are quite similar to the reference case. The effect of the wedge at various spreading rates is shown in Figure 6a using the statistic (maximum melt flux − minimum melt flux) / (steady state melt flux). As predicted, concentration of the upwelling flow into a narrower channel between the wedges of lithosphere decreases the relative importance of sea level variations, but at favorable spreading rate and melt migration rates, the sea level effect remains significant.
Test E: Modified Thermal Structure
With Cold Lithospheric Wedge [28] A further effect of growth of lithosphere with increasing distance from the ridge axis is cooling of the off-axis upper mantle relative to the upper mantle adiabat. This will decrease and eventually eliminate the melt production in the affected region. Hence, in contrast to the case studied above where the horizontal flow velocities in the lithospheric wedge stop plate-driven melting but sea leveldriven melting is still allowed, here we repeat the model with all melting in the lithospheric wedge turned off. Because a major feature of the reference model is production of substantial amounts of shallow, off-axis melt as sea level falls, this case represents a major perturbation. As Figure 6b shows, the amplitude of melt flux variations is damped in the cold wedge case but it is not eliminated. Another important difference of this model is that the extra melt generated by sea level falls is now generated closer to the axis (in the sub-axial high melt-fraction core of the melting regime) and arrives at the axis sooner. Hence the time lag between sea level variations and magma flux response is decreased. [29] This sensitivity test shows that the production of shallow, off-axis melt in the reference case (particularly at depths where clinopyroxene remains in the residue) is a substantial part of the sea level effect we describe in the reference case, but it is not the entire story. Notable time-variations in magma flux persist, even when melting in the lithospheric wedge is shut off.
Test F: Melt Productivity Function
[30] Although the main features of melt production from pHMELTS are theoretically sound, they have not been verified by experiment. Hence it is worthwhile to test the sensitivity of our results to the pHMELTS function. We substituted a constant melt productivity of 0.0148%/MPa and solidus depth of 50 km; at steady state this generates the same crustal thickness as pHMELTS with potential temperature 1344°C. For a 75 mm half-spreading rate, 10 m/yr melt migration, and the C03 sea level forcing, the differences due to productivity functions are minor (Figure 7) . Constant productivity is less effective than variable productivity at filtering high-frequency features of the driving function and predicts a few millennial-scale wiggles with amplitudes of ∼100 m in crustal thickness, but all major features of the crustal thickness history are identical. We therefore conclude that the sea level forcing effect is largely insensitive to the details of the melt production model.
Lines of Evidence to Pursue
[31] Our simulations suggest there should be substantial changes in magma flux to mid-ocean ridges on Milankovitch timescales, particularly if meltmigration rates exceed 2 m/year. Below we discuss proxies that may be sensitive to glacial-interglacial changes in magma flux, including seafloor topog- raphy, hydrothermal particle fluxes, oceanic Os isotopic ratios, and the radiocarbon content of seawater.
Seafloor Topography
[32] Although our results suggest crustal thickness should vary by up to 100% at slow-spreading rate ridges (Figure 4) , our model does not account for the width of the zone where volcanic and hydrothermal activity is concentrated (i.e., the neo-volcanic zone) or where crustal accretion is generally concentrated (the width of the axial magma chamber). At halfspreading rate of 10 mm/yr, the distance between zones of high (LGM) and low (mid-Holocene) crustal thickness would be ∼150 m. However, the neo-volcanic zone for slow-spreading ridges is typically several kilometers wide [Perfit and Chadwick, 1998 ]. Because the distance that the crust would migrate between high and low flux regimes is small relative to the neo-volcanic zone, it is highly unlikely that glacial-interglacial variability in magma flux can be observed using seafloor topography at slow spreading ridges.
[33] At faster ridges, spreading rate may keep pace with changes in sea level-driven magma flux. The lithospheric plates on either side of the southern EPR (∼75 mm/yr half-spreading rate) move approximately 1 km in 15,000 years. Typical neo-volcanic zones at fast ridges are 100-200 m wide [Perfit and Chadwick, 1998 ], so intervals of varying eruptive activity may be separated in distance perpendicular to the ridge crest. On the other hand, the half-width of the axial magma chamber reflector observed under the EPR axis is about 1-3 km [Detrick et al., 1987; Kent et al., 1990] and lower crustal accretion is distributed over a similar width [based, e.g., on magnetic transition intervals, Macdonald, 1982] , so time-variations in overall crustal thickness will be more damped than those in eruptive flux. Furthermore, at fast spreading rates the sea level-driven signal is small relative to lithospheric unloading. For 10 m/yr melt-migration rate and 75 mm/yr halfspreading rate, we simulate that crustal thickness should vary by ∼15% on glacial-interglacial timescales (Figure 4) . Hence the ridges that may spread quickly enough to record Milankovitch-scale changes in melt flux have the smallest expected anomalies, while those with the largest expected signal do not spread quickly enough.
[34] The ridge-parallel troughs that form abyssal hills may in part represent evidence of periodic magmatism at mid-ocean ridges. In the Pacific, abyssal hills are typically 2-5 km wide, 50-300 m high, and are bounded by faults on each side [Macdonald et al., 1996] . The characteristic spacing of faults on the EPR is approximately 1 km [Carbotte and Macdonald, 1994] , roughly consistent with that expected from sea level-driven changes in magmatism. As a result, it is tempting to believe the faults represent tectonic evidence supporting the sea level-magmatism link. However, the spacing of abyssal hill faults along the northern EPR is best described by a Poisson distribution, indicative of aperiodic forcing [Edwards et al., 1991] . Fault spacing along the southern EPR and Ecuador Rift are also stochastic in nature, where fault populations are believed to reflect brittle layer thickness [Carbotte and Macdonald, 1994] . Although Milankovitch-scale changes in melt flux may be preserved in abyssal hills, isolating this influence from largescale extensional stresses, thermal contraction of the lithosphere, and local stresses associated with dike intrusion and ridge segmentation will be difficult. The age history of abyssal hills is also poorly constrained by low-resolution magnetic anomalies.
Hydrothermal Particle Fluxes
[35] Near-surface magma drives hydrothermal convection in young oceanic crust. Estimates of magmatic budget and hydrothermal plume incidence along mid-ocean ridges suggest that hydrothermal activity scales linearly with magma flux [Baker and German, 2004] . We hypothesize that intervals of enhanced melt delivery to ridge crests following sea level low stands drove enhanced hydrothermal convection, plume incidence, and flux of hydrothermal fluids. We attempt a global prediction of the magnitude of this effect by combining (1) (Figure 8 ). For the case driven by the C03 sea level curve and assuming a 10 m/yr melt migration rate, p h ranges from a minimum of 15% at in the mid-Holocene to a maximum of 30% shortly after the MIS 5/4 boundary. Below we evaluate whether proxies of hydrothermal activity are consistent with this prediction.
Hydrothermal Metals
[36] Hydrothermal fluids leach metals from the oceanic crust, rise buoyantly, and precipitate sulfides and iron-manganese oxyhydroxides upon encountering cold, well-oxygenated seawater. Although the manner of iron precipitation is a matter of ongoing debate [Toner et al., 2009] , hydrothermal sediments are clearly enriched in iron and manganese [Böstrom et al., 1969; Cronan, 1976; Heath and Dymond, 1977] . We hypothesize that intervals of enhanced melt delivery to ridges following sea level low stands drove enhanced hydrothermal convection and greater delivery of iron and manganese to seafloor sediments.
[37] Most studies of hydrothermal sedimentation have focused on the spatial distribution of hydrothermal sediments [Böstrom et al., 1969; Cronan, 1976; Heath and Dymond, 1977; Dymond, 1981] or the behavior of hydrothermal particles within plumes [German et al., 1990 [German et al., , 1991a [German et al., , 1991b [German et al., , 2002 . Sedimentary time series of hydrothermal elements exist, but they are typically short or lack adequate age control [German et al., 1993 [German et al., , 1997 [German et al., , 1999 . Longer, well-dated cores used in paleoceanography are not typically taken near vents. Testing our hypothesis requires sediment cores with three key characteristics: (1) proximity to vent sites, (2) adequate accumulation rates to resolve glacialinterglacial variability, and (3) age control based on either radiocarbon or oxygen isotope stratigraphy. Below we discuss cores in the published literature that have been analyzed for hydrothermal metals and meet the above criteria. [38] In this section, we focus on two cores in the vicinity of the Galapagos microplate, both of which are within 20 km of active spreading centers. The cores were analyzed by Frank et al. [1994] for oxygen isotopes, bulk Fe, Mn, Al, and 230 Th. Fe/Al and Mn/Al ratios for core KLH068 (1.2°N, 101 .6°W, 2870 m water depth) are shown in Figure 9 . The oxygen isotope stratigraphy for this core clearly shows Marine Isotope Stages 1-4. Typical pelagic ratios for Fe/Al and Mn/Al are 0.6 and 0.06, respectively [Chester, 2000] . Mn/Al for KLH068 rises above background levels during MIS 4 and at the MIS 2-1 boundary. Fe/Al is higher than background pelagic values throughout the record, including maxima during MIS 4, the MIS 3-2 boundary, and the MIS 2-1 boundary. These maxima are broadly consistent with expectations for sea level-driven magmatism.
Galapagos Microplate Hydrothermal Data
[39] Thorium-230 flux is also sensitive to hydrothermal sedimentation. Generally, 230 Th measures particle flux to the seafloor because it is produced at a nearly constant rate in the water column [Francois et al., 2004; Yu et al., 2001 ]. However, elevated scavenging of 230 Th occurs in hydrothermal plumes. Proximal to vent sites, 230 Th fluxes can exceed water column production by an order of magnitude, indicating that hydrothermal plumes can act as 'boundary scavenging' locations in the open ocean [German et al., 2002] . Water column flux of 230 Th for the water depth of KLH068 should be ∼7.5 dpm/cm 2 /kyr [Kadko, 1980] . Most of downcore data plot at or below this value, with the exception of MIS 2 and the MIS 2-1 boundary, where 230 Th flux exceeds 10 dpm/cm 2 /kyr (Figure 10b ). The combination of high 230 Th, Fe, and Mn fluxes suggests that hydrothermal sedimentation was elevated at this time. There are only modest peaks in Fe and Mn flux during MIS 4 despite high Mn/Al and Fe/Al ratios (Figure 9 ). This suggests that either hydrothermal input was relatively weak or age model error may decrease the sedimentation rate and flux values during MIS 4. [40] In nearby core KLH093 (1.5°N, 102.1°W, 3259 m water depth), hydrothermal tracers also vary down core, but the oxygen isotope stratigraphy lacks an obvious MIS 4 ( Figure 11 ). Focusing on the younger and more reliable portion of the stratigraphy, there are clear maxima in both Mn/Al and Fe/Al during MIS 2 and the MIS 2-1 boundary. There are also contemporaneous peaks in 230 Th and Fe flux (Figure 12 ). The 230 Th flux is approximately twice the estimated water column production rate (8.5 dpm/cm 2 /kyr), suggesting the influence of either sediment focusing or hydrothermal scavenging. The correspondence between 230 Th flux, Fe flux and high Fe/Al ratios during MIS 2-1 suggest hydrothermal scavenging is the more likely cause. Mn fluxes are different than either those for 230 Th or Fe, with a strong peak focused on the deglaciation. 
Hydrothermal Input Versus Diagenetic Remobilization
[41] Many pelagic sediment cores have subsurface Mn peaks that are attributed to diagenetic remobilization and focusing of Mn [Berger et al., 1983; Froelich et al., 1979] . Typically, Mn peaks are found near the sediment-seawater interface, just below the zone of oxygen-rich pore waters. Consumption of Mn oxides in the suboxic zone releases Mn 2+ that is oxidized at the base of the well-oxygenated surface layer.
[42] The sedimentary Fe/Mn ration can be used to isolate hydrothermal and diagenetic influences on sedimentary Mn. Ridge-flank hydrothermal All flux calculations are based on ages inferred from the oxygen isotope stratigraphy. We assume a conservative error of ±30% for the age difference between successive points. This uncertainty dwarfs the errors in dry bulk density, weight percent, and dpm/g reported by Frank et al. [1994] and is therefore the primary contributor to the one-sigma flux errors (gray lines). Age model error of a factor or two or larger would be necessary to eliminate the flux maxima at the MIS 2-1 boundary.
sediments from the East Pacific Rise have empirically been shown to have Fe/Mn ratios of 3 ± 1 [Barrett et al., 1987; Böstrom et al., 1969; Cronan, 1976; Dymond, 1981; Heath and Dymond, 1977; Ruhlin and Owen, 1986] . Figure 13 displays Fe/Mn data for both Galapagos cores. A linear fit to all Fe/Mn data suggests that down-core Fe/Mn ratios reflect mixing with an end-member with Fe/Mn of 2.1 (r 2 = 0.57). This ratio is consistent with a hydrothermal source, but is on the low end of published values.
[43] The Fe/Mn data in Figure 13 [Chester, 2000] . Mn/Al for KLH093 is elevated with respect to typical pelagic values from 20 to 50 cm (the MIS 2-1 boundary) and below 200 cm. Low Mn/Al values from 50 to 200 cm are likely due to diagenetic remobilization of Mn (see Figure 13 ).
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Geosystems G 3 G 3 LUND AND ASIMOW: SEA LEVEL AND MID-OCEAN RIDGE MAGMATISM 10.1029/2011GC003693 , 1986] . A linear fit to the data explains 89% of the variance (i.e., r 2 = 0.89). These results suggest that the Galapagos microplate Mn/Al and Fe/ Al time series primarily reflect initial hydrothermal inputs to the sediment rather than post-depositional diagenetic effects. Similar to core KLH068, we assume an error of ±30% for the age difference between successive points in KLH093. Because this error is much larger than the errors in dry bulk density, weight percent, and dpm/g reported by Frank et al. [1994] , age error is the primary driver of the one-sigma flux errors (gray lines). Age model error of a factor or two or larger would be necessary to eliminate the flux maxima at the MIS 2-1 boundary. Low Mn fluxes from 55 to 200 cm are likely due to diagenetic remobilization of Mn (Figure 13 ).
Owen
Additional Hydrothermal Time Series
Although high 230 Th fluxes in this core have been interpreted in terms of sediment focusing, their cause is still debated Lyle et al., 2007] . We suggest enhanced hydrothermal activity drove elevated 230 Th flux to this site during the deglaciation, consistent with elevated Fe/Al and Mn/Al ratios during this interval [Kienast et al., 2007] .
[45] At slower spreading rates, melt flux anomalies and presumably the hydrothermal response should be more pronounced. Core SHOM91-KS4 (38.2°N, 30.6°W) near the Lucky Strike segment of the northern MAR [Auffret et al., 1996] displays fluxes of Fe, Mn, Cu, and Zn that were 2-4 times higher during MIS 2 and 4 than during MIS 3 and 5 ( Figure 14) . Metal fluxes during MIS1 were not evaluated due to apparent diagenetic remobilization in this interval [Auffret et al., 1996] . Thus there appears to be isolated evidence from both the Atlantic and Pacific of enhanced hydrothermal activity associated with even isotope stages.
[46] The largest source of uncertainty associated with the sedimentary hydrothermal tracers is spatial and temporal variability of plumes. Plumes may turn 'on' and 'off' for reasons independent of magma flux to the ridge and plume dispersion will depend on deep ocean currents and Rossby waves [Speer et al., 2003] . The published data summarized here therefore require verification to ensure the anomalies are not simply a function of local plume dynamics. Additional sites from other ridge locations are clearly necessary to demonstrate whether plume events were widespread and broadly synchronous in time.
Osmium Isotopes
[47] An ideal tracer of hydrothermal activity would be one which (1) is insensitive to spatial and temporal variability of individual plumes, (2) [Frank et al., 1994] . The grouping of low Mn values on the left-hand side of the plot (open squares -KLH068; open triangles -KLH093) suggests these samples have been stripped of their original hydrothermal Mn. The Fe/Mn slope for the remaining samples indicates a end-member Fe/Mn ratio of 3.3, similar to that calculated for hydrothermal ridge-flank sediments in the Pacific [Dymond, 1981] . If all data are included in the calculation, the end-member Fe/Mn ratio becomes 2.1 (dashed line). flank (13%), and extraterrestrial (6%) osmium sources [Burton et al., 2010] .
[48] Sedimentary Os isotopic records from the last glacial cycle generally show that oceanic 187 Os/ 188 Os was less radiogenic during MIS 6, 4, and the MIS 2-1 boundary (Figure 15 ). The Os isotope ratio ranges from 0.90 to 1.00 during glacial times and 1.00 to 1.05 during interglacial times. Scatter in the data is likely due to heterogeneous seawater Os isotopic composition and analytical error associated with isolating the hydrogenous component of bulk sediment [Peucker-Ehrenbrink and Ravizza, 2000; Oxburgh, 2001] . The Os signal has been interpreted to represent decreased continental weathering during glacial maxima and reduced input of radiogenic Os to the oceans [Dalai et al., 2005; Oxburgh et al., 2007; Williams and Turekian, 2004] . For example, the glacial 187 Os/ 188 Os ratio of 0.95 can be achieved by reducing the riverine Os flux by 30% and decreasing its Os isotopic ratio by 4% [Burton et al., 2010] . [49] Explanations of the glacial-interglacial Os signal in terms of continental weathering are based on the assumption that hydrothermal Os flux has remained constant through time. Here instead we speculate that the hydrothermal Os flux increased during glacial maxima, which would have driven the oceanic Os isotopic ratio toward non-radiogenic values. Although the riverine flux of Os must have varied on Milankovitch timescales, uncertainty in the rate of continental weathering, transport of Os to the oceans, and its isotopic composition preclude a detailed accounting of the terrestrial role in the oceanic Os Figure 14 . Results for core SHOM91-KS4 from the northern Mid-Atlantic Ridge, near the Lucky Strike segment (38.2°N, 30.6°W). All data are from Auffret et al. [1996] . Fluxes of Fe, Mn, Cu, and Zn are elevated during MIS 4, MIS 2, and at the MIS 2-1 boundary. Vertical gray bars mark approximate positions of MIS 2 and 4 as determined by Auffret et al. [1996] . budget. Given the potential connection between sea level and hydrothermal activity, the possibility of variable hydrothermal Os output should also be considered.
[50] Our model results suggest that melt production at intermediate spreading rate ridges was approximately 50% higher than today during the LGM and deglaciation (Figure 3 ). If Os flux scales linearly with magma flux, this would translate a global increase in hydrothermal Os input of 50%. Based on the oceanic Os budget outlined by Burton et al. [2010] , this would cause a decrease in the oceanic 187 Os/ 188 Os ratio of 0.06, about half of the glacialinterglacial signal. If Os-rich peridotites at slow spreading centers account for a disproportionate flux of non-radiogenic Os [Sharma et al., 2007; Burton et al., 2010] , the larger melting response at these locations could amplify the hydrothermal influence on the oceanic Os ratio. [51] It is also useful to evaluate the timing of osmium isotopic variability. If continental weathering acts as the primary control on oceanic 187 Os/ 188 Os variability, it is reasonable to expect that oceanic 187 Os/ 188 Os would decrease during sea level low stands, when landmasses are covered in ice and delivery of radiogenic Os to the ocean is presumably reduced [Oxburgh et al., 2007] . Sea level reconstructions indicate that ice volume increased from 75 to 60 kyr BP, remained more or less stable until about 30 kyr BP, and then increased again during the Last Glacial Maximum (Figure 1) . The composite Os isotopic record is generally consistent with this pattern (Figure 15 ), except for the increase in 187 Os/ 188 Os from 60 to 40 kyr BP recorded in both the Cariaco Basin [Oxburgh et al., 2007] and Santa Barbara Basin [Williams and Turekian, 2004] . If ice volume was in fact steady during this time interval, it seems unlikely that weathering would have driven higher 187 Os/ 188 Os ratios at these locations. Curiously, other sites show very little signal in this interval, suggesting that the ocean was not in steady state with respect to 187 Os/ 188 Os or that some of the records do not reliably record the osmium isotopic composition of ocean water.
[52] Our model predicts two major peaks in melt production during the past 80 kyr, centered at approximately 60 and 20 kyr BP (Figure 3 ). If hydrothermal Os input responded to enhanced melt production, then oceanic 187 Os/ 188 Os should become less radiogenic at these times, similar to the observed pattern. The timing of the modeled melt production related to sea level is therefore a reasonable match to the Os isotopic record. The magnitude of the isotopic anomalies is also consistent with the modeled melt anomalies, assuming that Os flux scales linearly with magma flux. Thus it is plausible that the oceanic Os records may reflect the sea level-induced changes in magmatism at mid-ocean ridges.
Radiocarbon Signature of Hydrothermal Fluids
[53] Hydrothermal plumes are rich in dissolved inorganic carbon (DIC) from the degassing of melt beneath ridge crests [Pineau and Javoy, 1994] . High-temperature (250-400°C) hydrothermal fluid DIC concentrations range from 3 to 285 mmol/kg (median 20 mmol/kg) [Butterfield et al., 2003; Proskurowski et al., 2004] compared to typical deep-sea DIC values of 2 mmol/kg. At the Juan de Fuca Ridge, the DIC concentration in high-temperature plumes approaches 100 mmol/kg following magmatic events [Proskurowski et al., 2004] , a factor of 50 larger than typical deep ocean values. These same fluids have a D 14 C of −980 ± 10‰ (±1s) [Proskurowski et al., 2004] . A minor contribution of carbon from either seawater or deep-sea sediment prevents the samples from being completely radiocarbon 'dead' (D 14 C = −1000‰). Enhanced magma flux and degassing at mid-ocean ridges may therefore create oceanic D 14 C anomalies.
[54] Four separate locations within 400 km of ridge crests display large excursions in seawater D 14 C during the last 25,000 years. A foraminiferal D 14 C record from 705 m water depth near the northern EPR displays a −200‰ anomaly from 18 to 12 kyr BP [Marchitto et al., 2007] . Another record from 620 m water depth south of the Galapagos Spreading Center displays a −300‰ anomaly during the LGM and deglaciation [Stott et al., 2009] . Similar anomalies have been noted from 1200 to 2300 m water depth east of the Rejkyanes Ridge [Thornalley et al., 2011] and from 600 to 800 m water depth near the Sheba Ridge in the Arabian Sea [Bryan et al., 2010] . The D 14 C signals cannot be easily explained by changes in atmospheric 14 C production rate [Broecker and Barker, 2007] or the influence of 14 C-depleted carbon from an isolated abyssal ocean reservoir [Broecker et al., 2008; De Pol-Holz et al., 2010; Rose et al., 2010; Broecker and Clark, 2010; Sortor and Lund, 2011; Lund et al., 2011] . It appears that an alternative mechanism is necessary to account for the intermediatedepth D 14 C anomalies during the last deglaciation. [55] We speculate the enigmatic radiocarbon anomalies may reflect the influence of carbon from the mantle. Because of the high carbon content and low D 14 C of hydrothermal fluid, relatively small amounts of fluid are required to yield large radiocarbon anomalies. By mass balance, a D 14 C anomaly of −250‰ would require adding about 3% hydrothermal fluid by mass to ocean water, assuming [DIC] ocean = 2 mmol/kg and [DIC] hydrothermal = 20 mmol/kg. If [DIC] hydrothermal = 100 mmol/kg, then approximately 0.5% hydrothermal fluid is required. [56] In the modern equatorial Pacific, the largest 3 He signal occurs within several hundred kilometers of the EPR and is centered at water depths of 2-3 km [Lupton, 1998] . If the depth of hydrothermal plumes during the last deglaciation was similar to today, then hydrothermal activity is an unlikely source of the D 14 C anomalies at thermocline depths. Plumes related to enhanced mid-ocean ridge magmatism may have reached higher in the water column, however. So-called 'plume events' in the modern ocean produce unusually large temperature anomalies that reside higher in the water column than typical hydrothermal plumes [Lupton et al., 1999] . A magmatic event at Juan de Fuca Ridge produced a plume ∼20 km in lateral diameter and 600 m thick, with an upper edge reaching more than 1000 m above the seafloor [Baker et al., 1987] . Another large event in the Arabian Sea formed a plume ∼70 km in diameter and 500 m thick that reached approximately 1200 m above the seafloor [Murton et al., 2006] . Plume size, heat content, and rise height therefore vary considerably in the modern ocean. Although plumes reaching water depths as shallow as 600 m seems unlikely, we are unable to automatically rule out this possibility based on modern observations.
Conclusions
[57] During the last glacial cycle, growth of continental ice sheets caused eustatic sea level to decrease ∼50 m at both the MIS 5/4 and 3/2 boundaries. The resulting rate of mantle depressurization was comparable to that from seafloor spreading, meaning that declining sea level should have enhanced melting beneath the global midocean ridge system. The reverse should have occurred during the last deglaciation when sea level rose by 120 m. The largest changes in mantle decompression melting should occur at slow spreading ridges, where the sea level pressure effect is a larger proportion of the total pressure field. [58] We model the effect of oceanic hydrostatic pressure on melting beneath mid-ocean ridges using published records of sea level for the last 140,000 years. As expected, our simulations show that peaks in magma flux follow drops in sea level. The minimum simulated flux occurs during the mid-Holocene, following rapid sea level rise at the MIS 2/1 boundary. Our results are largely insensitive to the choice of sea level forcing function or melt production algorithm. The model output is highly sensitive to melt extraction and seafloor spreading rates, however. Slow extraction rates (≤2 m/yr) yield minimal changes in melt flux, whereas moderate to fast extraction velocities (≥10 m/yr) yield changes in flux of ≥15%. At fast seafloor spreading rates, modeled changes in flux are modest, about 15% relative to the long-term average. At slow half-spreading rates, we find that magma flux varies by nearly 100%. This signal could be strongly damped by rapidly thickening cold lithosphere off-axis or by crustal filtering.
[59] Evidence in support of sea level-driven magmatism is sparse and circumstantial. Direct confirmation may exist in seafloor topography, but the rate of spreading at most ridges is slow relative to glacial-interglacial timescales. At fast ridges, the pressure effect from sea level is small compared to mantle unloading from seaflooring spreading, so the changes in magma flux through time should be small. It will also be difficult to extract periodic changes in magma flux from the stochastic background of ridge-parallel faulting that characterizes seafloor topography. Poor age control for topographic features presents another serious hurdle for linking records of sea level to hard evidence for changes in magma flux. [60] In the modern ocean, hydrothermal activity at mid-ocean ridges appears to scale with magma flux. It may therefore be possible to estimate changes in magmatic activity through time using hydrothermal tracers preserved in ocean sediments. Unlike seafloor topography, marine sediments can be accurately dated using radiocarbon and oxygen isotope stratigraphy. Of the published hydrothermal records we review, records near the Galapagos microplate and the Lucky Strike segment of the Mid-Atlantic Ridge are the best constrained. In both cases, Fe and Mn fluxes were elevated during MIS 4 and the MIS 2-1 boundary, consistent with the timing of increased melt flux in our model runs. Although the records may be complicated by diagenetic remobilization, the downcore Fe/Mn ratio suggests the signal is primarily hydrothermal in origin. A conclusive link between sea level and hydrothermal variability will require a far larger network of sediment cores from ridge axes around the globe.
[61] Unlike isolated records of Fe and Mn flux from ridge crest sediments, time series of the oceanic osmium isotopic composition may serve as a global integrator of hydrothermal activity. Oceanic 188 Os/ 187 Os was generally lower during MIS 4, MIS 2, and the MIS 2-1 transition. Although this pattern has been interpreted to represent lower continental weathering during intervals of ice sheet growth, enhanced hydrothermal activity may also play a role. Progress on this front will require improved understanding of the modern Os budget and an independent assessment of continental weathering during the last glacial cycle.
[62] Finally, we suggest that oceanic radiocarbon anomalies of the last deglaciation may be driven by input of carbon from the mantle. Large negative D 14 C anomalies near mid-ocean ridges could be due to the input of small amounts of radiocarbon 'dead' hydrothermal fluid. The depth of the deglacial radiocarbon anomalies appears to be inconsistent with the depth of neutrally buoyant hydrothermal plumes in the modern ocean, with the exception of rare plume events. Further evaluation of this possibility will require a far larger array of D 14 C reconstructions from sites at a range of water depths and distances from mid-ocean ridges.
[63] Individually, none of the proxies we discuss provide convincing evidence in support of the sea level-magmatism link. Collectively, however, they are suggestive. A more conclusive test of the hypothesis will require a community-wide effort, spanning the disciplines of mantle petrology, tectonics, hydrothermal geochemistry, and paleoceanography. If magma flux is linked to sea level, it would suggest that (1) climate variability directly impacts melting of the upper mantle, (2) the rate of element cycling through the modern mid-ocean ridge system is probably not representative of Pleistocene averages, and (3) magma CO 2 flux to mid-ocean ridges increases at the time of glacial terminations, potentially acting as a negative feedback on ice sheet size.
